We report the 13 C content of preserved organic carbon for a 150 million-year section of late Archean shallow and deepwater sediments of the Hamersley Province in Western Australia. We find a 13 C enrichment of Ϸ10‰ in organic carbon of post-2.7-billion-yearold shallow-water carbonate rocks relative to deepwater sediments. The shallow-water organic-carbon 13 C content has a 29‰ range in values (؊57 to ؊28‰), and it contrasts with the less variable but strongly 13 C-depleted (؊40 to ؊45‰) organic carbon in deepwater sediments. The 13 C enrichment likely represents microbial habitats not as strongly influenced by assimilation of methane or other 13 C-depleted substrates. We propose that continued oxidation of shallow settings favored the expansion of aerobic ecosystems and respiring organisms, and, as a result, isotopic signatures of preserved organic carbon in shallow settings approached that of photosynthetic biomass. Facies analysis of published carbon-isotopic records indicates that the Hamersley shallow-water signal may be representative of a late Archean global signature and that it preceded a similar, but delayed, 13 C enrichment of deepwater deposits. The data suggest that a globalscale expansion of oxygenated habitats accompanied the progression away from anaerobic ecosystems toward respiring microbial communities fueled by oxygenic photosynthesis before the oxygenation of the atmosphere after 2.45 billion years ago.
We report the 13 C content of preserved organic carbon for a 150 million-year section of late Archean shallow and deepwater sediments of the Hamersley Province in Western Australia. We find a 13 C enrichment of Ϸ10‰ in organic carbon of post-2.7-billion-yearold shallow-water carbonate rocks relative to deepwater sediments. The shallow-water organic-carbon 13 C content has a 29‰ range in values (؊57 to ؊28‰), and it contrasts with the less variable but strongly 13 C-depleted (؊40 to ؊45‰) organic carbon in deepwater sediments. The 13 C enrichment likely represents microbial habitats not as strongly influenced by assimilation of methane or other 13 C-depleted substrates. We propose that continued oxidation of shallow settings favored the expansion of aerobic ecosystems and respiring organisms, and, as a result, isotopic signatures of preserved organic carbon in shallow settings approached that of photosynthetic biomass. Facies analysis of published carbon-isotopic records indicates that the Hamersley shallow-water signal may be representative of a late Archean global signature and that it preceded a similar, but delayed, 13 C enrichment of deepwater deposits. The data suggest that a globalscale expansion of oxygenated habitats accompanied the progression away from anaerobic ecosystems toward respiring microbial communities fueled by oxygenic photosynthesis before the oxygenation of the atmosphere after 2.45 billion years ago.
organic carbon ͉ isotopes ͉ methanotrophy ͉ oxygen R esolving changes in early ecosystems and their geochemical context is critical to understanding both the means and pace of events that culminated in atmospheric oxygenation beginning possibly as early as 2.45 gigaannum (Ga) before the present, based on the sulfur isotopic record (1) but certainly by 2.3 Ga, based on other geochemical observations (2) . Oxygenic photosynthesis must have evolved before this event, but conjectures for its onset range from pre-3.5 Ga (3, 4) to 2.7 Ga (5, 6) to 2.4 Ga (7). Whenever it occurred, its inevitable impact on ecosystems must have been profound.
The 13 C content of sedimentary organic matter represents mixed contributions from many biological materials. Isotopic signatures within modern and Phanerozoic marine sediments generally fall in a narrow range, and they reflect those of phytoplankton (8) because heterotrophic respiration imparts small, if any, isotopic shifts in the preserved organic matter. In contrast, late Archean organic carbon displays a wide range in 13 C content (expressed as ␦ 13 C, ‰ ϭ 10 3 ( 13 R sample ͞ 13 R standard Ϫ1), and 13 R ϭ 13 C͞ 12 C; Fig. 1) , with values generally below Ϫ35 to Ϫ40‰ in shales (9, 10) and even lower in some shallow-water deposits at Ϸ2.7 Ga (Fig. 1) . As hypothesized by Hayes (5, 6), strong 13 C depletion in organic matter, either in bulk or as the insoluble fraction (kerogen; ␦ ker ), indicates that late Archean ecosystems incorporated 13 C-depleted substrates, particularly methane.
If kerogen ␦ 13 C patterns in different sedimentary environments reflect differences in the dominant pathways for carbon assimilation and cycling, then the isotopic record may also reflect secular changes in microbial communities within different environmental settings. Unlike carbonate isotopic records, which are highly sensitive to marine versus lacustrine distinctions, organic-carbon isotopic signatures record the influence of biological productivity and recycling within and below the photic zone. Thus, we focus this work on relative water-column depth, and we present kerogen ␦ 13 C data for a well preserved, 150 million-year stratigraphic section from the late Archean, in which we distinguish isotopic signatures of shallow versus deepwater sedimentary environments. We specifically evaluate this isotopic record after the pronounced depletion in organic 13 C signatures at 2.72 Ga, and we compare it with published isotopic records from other regions to assess global changes in microbial ecosystems during this important time.
Results

Kerogen ␦
13 C values for 175 samples from a 2.72-to 2.57-Ga section in the Hamersley Province, Western Australia, vary between Ϫ57‰ and Ϫ28‰ ( Fig. 2 A-D) , spanning the published range for late Archean organic carbon. Large variations (5-16‰) occurred at 1-to 10-m scales, and they are correlated with lithology ( Fig. 2 A-D) . For example, in the WRL1 core, increases and decreases in dolomitic siltstone relative to shale are accompanied by enrichment and depletion of ␦ 13 C in kerogens, respectively. Similar ␦ 13 C-lithologic relationships have been observed for the 2.52-to 2.46-Ga Transvaal rocks on the Kaapvaal Craton (9, 10), although they have a narrower range in carbon isotopic compositions for bulk organic matter (␦ org ) range.
Facies were defined by sedimentological characteristics, and they were grouped into shallow-water deposits and deeper slope and distal basin deposits. Briefly, the upper Carawine Dolomite with abundant stromatolites is well recognized as a shelf deposit having platform architecture (11) . The Tumbiana very shallow carbonate environment flanked a large, southerly subsiding rift basin (12) , and it received a high flux of terrestrial detritus. The Tumbiana Formation has been interpreted as a f luviallacustrine deposit (13) (but others suggest that it may also contain shallow marine deposits; see ref. 14 and Supporting Discussion, which is published as supporting information on the PNAS web site). The Warrie Member overlies a transgressive shoreline deposit in northern exposures, and it contains sedimentary structures consistent with a shallow marine shelf environment (see Supporting Discussion). Carbonates of the Wittenoom Dolomite and lower Carawine Dolomite largely consist of platform (shelf) detritus within turbidite deposits (11) . The authors declare no conflict of interest.
Abbreviations: ␦carb, carbon isotopic composition of inorganic carbon of carbonates; ␦ker, carbon isotopic composition of kerogen; ␦org, carbon isotopic composition of bulk organic matter; Ga, gigaannum before present; Rubisco, ribulose-bisphosphate carboxylase͞ oxygenase.
water slope deposits, whereas massive, pyritic black shales were deposited in basin settings more distal to the shelf.
The isotopic record shown in Fig. 2 A-D reveals both faciesand time-related signals. Over the entire period, the shallow facies show a wide range of ␦ ker values, with dolomitic shales of the restricted platform facies 2-14‰ depleted in 13 C relative to the platform carbonates immediately above and below. Kerogens in deepwater shales are strongly depleted in 13 C, whereas ␦ ker values for the slope facies are intermediate to those for basin and shallow-water carbonate shelf facies (Fig. 2E ). Sedimentology suggests that the slope facies may have received organic matter transported and deposited from shallower environments, which was mixed with autochthonous inputs.
To assess temporal changes in ␦ ker , we merged the records in Fig.  2 by using correlations based on available U-Pb geochronology, impact spherule beds, and the overall framework of stratigraphic sections ( Fig. 3 and Fig. 6 , which is published as supporting information on the PNAS web site). The range of ␦ ker values broadens significantly in younger strata over the course of 100 million years. This broadening is largely the result of a Ϸ23‰ enrichment in carbonate-hosted ␦ ker values, which approach Ϫ28‰ near the top of the section, and the relative stability of deepwater-basin ␦ ker values from 2.7 Ga to 2.6 Ga. Regardless of its environmental setting, the lowermost unit (i.e., the Tumbiana carbonate unit) is characterized by very shallow deposition, in which restricted conditions may have existed locally. The extreme ␦ ker values recorded in this unit define the first of two prominent 10-12‰ steps in carbonate-hosted kerogen (Fig. 3 ) at 2.72 and 2.6 Ga. Both enrichments are exceptional, especially compared with the notable Cretaceous-to-modern rise in the ␦ 13 C of marine organic carbon, which was only 5-7‰ (15) . In between, the ␦ ker signatures for the Warrie Member and Carawine Dolomite are largely consistent (Ϫ38 Ϯ 3‰) for Ϸ50 million years, despite a major marine transgression and bolide impact. Shallow marine carbonate ␦ 13 C (␦ carb ) values remain near 0‰ throughout the study interval, reflecting stability of global average ␦ carb at this time (16) (Figs. 1 and 3) .
All samples experienced relatively low thermal stress (metamorphism no greater than prehnite-pumpellyite grade; subgreenschist), consistent with nongraphitic kerogen H͞C ratios of 0.15-0.30). Losses of carbon associated with dehydrogenation could have resulted in an isotopic enrichment of 2-2.5‰ (10) for all samples. We see no systematic relationship between total organic carbon abundance and ␦ ker values (see Supporting Discussion); thus, there is no obvious evidence for thermally related patterns in ␦ ker . There is no physical or chemical evidence for residues from nonindigenous oil migration.
Discussion
Observational data and computational models suggest that the Archean atmosphere was composed of N 2 , CO 2 , CH 4 , and H 2 (17, 18) , consistent with the suggestion that the carbon cycle was dominated by autotrophy, fermentation, acetogenesis, and methanogenesis (19, 20) . Moderately high CO 2 levels (up to 10ϫ the present atmospheric level) (18, 20, 21) (7, 30) . Sulfur in primary minerals is nearly absent in the Wittenoom Dolomite (most pyrite occurs in isolated roll-up laminae or as coatings of clasts), suggesting that sulfur was not the dominant redox partner for carbon in this system. Considering the limited availability of electron donors in shallow environments, the highest ␦ ker values probably represent inputs from ancestral cyanobacteria, which is consistent with the finding of molecular fossils (2␣-methyl hopanes) most likely from cyanobacteria in late Archean rocks (31, 32) , although difficulties interpreting the molecular record have been noted (7) .
In all of the above scenarios, photoautotrophy under a high CO 2 atmosphere cannot explain 13 C-depleted values below Ϫ37‰. The Archean anaerobic communities envisioned by Kasting, Siefert, and coworkers (17) (18) (19) (20) included microorganisms that degraded and recycled carbon substrates. In modern settings with anaerobic habitats, such processes yield a 13 Cdepleted biomass. Specifically, recycling of fermentation- derived CO 2 or acetate can yield a 13 C-depleted biomass, especially for anaerobes using the acetyl-CoA pathway (33) . Nonfermenting acetogens, which compete for H 2 with other organisms that possess greater energy-yielding metabolisms (e.g., methanogens), can produce acetate that is extremely 13 C-depleted relative to CO 2 (Ϸ59‰) (34) . Incorporation of this product into biomass can also yield low ␦ org values.
Similarly, methane oxidation and assimilation, either aerobically or anaerobically, can produce a biomass with extremely low triggered by oxygenic processes (6), we anticipate a subsequent trend, at least in shallow settings, from an ecosystem that recycled methane toward an ecosystem based on photoautotrophic carbon assimilation and heterotrophic carbon cycling employing electron acceptors that are thermodynamically favored over fermentative pathways. This expectation is consistent with the Ϸ23‰ enrichment that we observe in carbonate-hosted kerogens (Fig. 3) .
The enrichment of 13 C in shallow-water carbonate products is best explained by a decrease in the importance of anaerobic processes most likely involving methane recycling and an increase in heterotrophic respiration (Fig. 4) . A decline in the fermentative supply of hydrogen to methanogenic and acetogenic communities must have limited carbon recycling by these anaerobic organisms in shallow waters. In deeper settings, ␦ ker values remained highly 13 C-depleted, indicating that these environments continued to be dominated by anaerobic communities and were not (yet) influenced by the major changes in carbon cycling taking place in shallow waters.
Atmospheric oxygenation by Ϸ2.3 Ga (1, 2) must have been preceded by oxidation of ocean surface waters, which likely began with phototrophic havens in isolated shallow-water environments (6). These so-called ''oxygen oases,'' characterized by local production of O 2 and oxidized substrates, contrasted with the reducing atmosphere and deeper ocean (6, 40) . Our data provide additional evidence for oxygen oases in the late Archean, and they place the development of oxygen oases in the context of specific depositional environments. The presence of environmental O 2 is consistent with ␦ 33 S and ␦ 34 S records from the Ϸ2.63-Ga Hamersley strata that have been interpreted as indicating sulfate-limited sulfate respiration in shallow (but not deep) settings under an anoxic atmosphere (41) . An ecological shift toward greater importance of heterotrophic respiration associated with oxygen oases is also consistent with rapid diversification among such organisms some time after the onset of oxygenic photosynthesis, as suggested in RNA-based phylogenetic patterns (42) . Our ␦ 13 C data from the Hamersley succession document profound changes in shallow-water microbial ecosystems at the end of the Archean, and they suggest the beginnings of global carbon-cycle reorganization instigated by the sustained release of molecular oxygen into an otherwise anaerobic world.
Available data for other localities indicate that the facies-␦ ker relationship is an Archean feature and that the shallow-water enrichment documented by our data may not have been unique to the Hamersley Province. When ␦ org values from Fig. 1 are sorted by environment based on published lithofacies descriptions (Fig. 5) and data from sections known to be highly altered are removed, a consistent pattern emerges. For shallow facies, the lowest ␦ org values (less than Ϫ45‰) are exclusively from the Hamersley (Fig. 5A) , likely reflecting preservational bias and possibly limited occurrence of similar facies and ecosystems. Even so, Kaapvaal shallow-water facies ␦ org values show a less distinct and more protracted temporal 13 C enrichment. Other shallow-water ␦ org values come from the Hamersley, the Wabigoon Belt (Superior Province), and the Belingwe Greenstone Belt (Zimbabwe Craton), and they have ␦ org values similar to those of the mid-Archean. These values account for the upward spread in ␦ org data of the 2.7-to 2.6-Ga global record (Fig. 1) . Although some 13 C enrichment in these data can be attributed to alteration during Greenschist metamorphism, the isotopic record suggests that shallow-water ecosystems dominated by methane assimilation may have been highly sensitive to environmental conditions and possibly favored in restricted, stromatolitic settings. Notably, the Hamersley 13 C enrichment in shallow-water units over time coincides with the regional expansion of carbonate shelf environments. Thus, the Hamersley record probably reflects localized-to-regional effects driven by regional tectonic evolution that nonetheless also reflect the global rise in oxygenation. Additional, facies-specific highresolution ␦ ker records will help to provide a better understanding of environmental influences on late Archean and early Proterozoic ␦ ker patterns.
Temporally resolved ␦ org records for deepwater facies are mostly limited to the Kaapvaal and Hamersley regions, although 2.69-Ga sulfidic shales with ␦ org values less than or equal to Ϫ45‰ have been cited for the Keewatin Group (Superior Province) (35, 43) . The 2.72-to 2.59-Ga Hamersley ␦ org record (see Fig. 3 ) shows little variability in deepwater facies; however, after 2.59 Ga, other Hamersley and Kaapvaal ␦ org data indicate a deepwater temporal 13 C enrichment of Ϸ13‰ (Fig. 5B) . Initiation of this shift lags behind the Hamersley shallow-water ␦ org enrichment by Ͼ100 million years, yet both approached Ϫ28‰, approximating the expected photosynthate value, between Ϸ2.45 and 2.3 Ga. These enrichment patterns suggest that by Ϸ2.45 Ga, the deepwater environments experienced changes in cycling of photosynthate carbon in the upper water column much like the shift that occurred in shallow environments. We suggest that the 13 C enrichment reflects decreased dominance of anaerobic processes associated with the expansion of photoautotrophic oxygenation into the photic zones of offshore environments over this time. Our interpretation is supported by extensive iron deposition and diminishing mass-independent isotope signature in pyrite sulfur from deepwater shales (1) beginning at Ϸ2.45 Ga. Perhaps the lag between shallow and deepwater isotopic enrichment reflects a shift in cyanobacterial habitats from sediments in the photic zone of shallow environments to photic-zone water columns inclusive of deepwater environments.
In summary, our facies-specific dissection of the organiccarbon isotopic record reveals temporal and spatial patterns that document profound late Archean and early Proterozoic biogeochemical changes preceding atmospheric oxygenation after 2.45 Ga. Specifically, facies-resolved isotopic records indicate that microbial communities in shallow environments led a globalscale transition away from purely anaerobic communities. The isotopic depletion characteristic of anaerobic ecosystems and methane-assimilating communities was gradually replaced by 13 C-enriched signatures, consistent with a growing importance of cyanobacterial inputs accompanied by heterotrophic respiration. Ultimately, this change was fueled by increased availability of electron acceptors derived from oxygenic photosynthesis in photic zones. These data support the conclusion that oxygenic photosynthesis, originating some time before 2.72 Ga, eventually triggered the rise of aerobic ecosystems and fueled their expansion from shallow settings into the photic zones of deepwater environments between 2.72 and Ϸ2.45 Ga. Fig. 4 . Schematic illustration of interpreted ecological changes in carbon cycling and their imprint on the late Archean Hamersley ␦ 13 Cker record. Anaerobic microbial processes in strongly reducing conditions (arrows 1-3) led to 13 C depletion relative to photosynthate in preserved organic carbon like that observed for deepwater facies throughout the study interval. By 2.72 Ga, incipient oxygenation of very shallow habitats enabled the incorporation of methane into biomass by organisms using O2, SO 4 2Ϫ , or other suitable electron acceptors (arrows 4 -5), producing extremely 13 C-depleted biomass. Continued oxidation of shallow-water environments after 2.72 Ga favored microbial respiration (arrows 6 -7), which limited the supply of acetate and hydrogen (arrow 1) to methane production and acetatogenesis. Because organic-matter degradation by respiration is accompanied by little isotopic discrimination, the isotopic signature of organic carbon preserved in shallow environments approached values of photosynthetic biomass by Ϸ2.60 Ga. 
Materials and Methods
We used conventional methods to isolate kerogen fractions from rocks, measure ␦ 13 C values of kerogen (␦ ker ), and determine organic and inorganic carbon and sulfur elemental abundances (Supporting Materials and Methods; Figs. 7 and 8 and Table 1 , which are published as supporting information on the PNAS web site). Stratigraphy and sedimentology were derived from our field and core descriptions, and they were supplemented by observations published in the geologic literature. Drill core and outcrop rock samples were collected from a 2.72-to 2.57-Ga section in the Hamersley Province, Western Australia.
